Introduction {#sec1}
============

A nonsense mutation is a single nucleotide change in the DNA sequence that introduces a premature stop codon---UGA, UAG, or UAA, also named as opal, amber, and ochre, respectively---in the protein-coding region of the corresponding mRNA. Such premature termination codons (PTCs) cause inappropriate termination of translation producing truncated polypeptides and promote mRNA destabilization by nonsense-mediated mRNA decay (NMD). NMD is a surveillance pathway, triggered when ribosomes encounter a premature translation-termination codon, that rids the cell of mRNAs that are incompletely processed or that lack complete open reading frames, committing these transcripts to rapid degradation.^[@ref1],[@ref2]^ Nonsense mutations can cause anywhere from 5 to 70% of the individual cases of most inherited disease, including cystic fibrosis (CF), Duchenne muscular dystrophy (DMD), spinal muscular atrophy, hemophilia, neurofibromatosis, retinitis pigmentosa, lysosomal storage disease, Hurler's Syndrome, and a variety of other genetic disorders as well as of many forms of cancer.^[@ref3]−[@ref6]^ In some cases, promoting the recovery of truncated protein by boosting functional protein synthesis to as little as 5% of normal levels may greatly reduce the severity or eliminate the principal manifestations of the disease.^[@ref7],[@ref8]^ Besides gene therapy, pharmacological approaches aiming at modifying gene expression by promoting the readthrough of nonsense mutations have gained interest in recent years.^[@ref9]−[@ref11]^ For instance, aminoglycoside antibiotics can suppress stop codons by disturbing the normal proofreading function of the ribosome, leading to insertion of a near-cognate amino acid at a PTC thus translating a full-length protein.^[@ref12]−[@ref14]^ Unfortunately, aminoglycoside action lacks specificity resulting in readthrough of many correctly positioned stop codons. Furthermore, a potential complication is the nephrotoxicity and ototoxicity of aminoglycoside during long-term treatments.^[@ref15]^

Recently, a 1,2,4-oxadiazole derivativative (3-(5-(2-fluorophenyl)-(1,2,4-oxadiazol-3-yl)-benzoic acid), also known as PTC124 or Ataluren, was suggested to induce ribosomal readthrough of premature but not normal termination codons.^[@ref16]^ 1,2,4-Oxadiazoles^[@ref17]^ are a class of small molecules which have gained attention for their pharmaceutical properties^[@ref18]−[@ref20]^ and potential application in materials.^[@ref21]−[@ref24]^ Originally, PTC124 was selected on the basis of a high throughput screening based on firefly luciferase (Fluc) reporter assays.^[@ref16]^ The PTC124-induced readthrough was estimated in HEK293 cells transfected with a luciferase reporter gene (Luc190) harboring a PTC at Thr190, replacing the normal ACA with UAA, UAG, and UGA.^[@ref16]^ Additional assays supporting nonsense suppression were performed by evaluating the synthesis of full-length proteins, such as distrophin in mdx mice,^[@ref16],[@ref25]−[@ref27]^ CFTR in transgenic mice,^[@ref25],[@ref26]^ and harmonin^[@ref9]^ in mice harboring a USH1C nonsense mutation.^[@ref28]^ Although mimicking the effect of aminoglycosides, PTC124 is not an antibiotic, exhibits lower toxicity, and has the advantage of specifically promoting the readthrough of nonsense mutations only, without affecting normally positioned termination codons.^[@ref16],[@ref25],[@ref29]^ PTC124 has a very strong safety profile;^[@ref30],[@ref31]^ however, despite initial promising results,^[@ref16],[@ref29]^ extended clinical studies on Duchenne/Becker muscular dystrophy (DMD/BMD) patients are currently underway to reach statistical significance.^[@ref31]^ On the other hand, PTC124 is still under clinical evaluation for the treatment of CF.^[@ref32],[@ref33]^ Indeed, patients affected by CF lack adequate levels of the cystic fibrosis transmembrane conductance regulator (CFTR) protein, and more than 1000 disease-causing mutations have been identified in CFTR. The most commonly observed mutations include deletion of a codon at position 508 (delta-F508), a missense mutation at position 551, and a nonsense mutation at position 542 (G542X).^[@ref34]^ Cystic fibrosis patients with nonsense-mutation essentially produce no CFTR protein, thus suffering a more severe form of the disease. Therefore, given the impact of PTCs within the CFTR gene, accounting for up to 10% of pathogenetic CF mutations in white populations and nearly 85% among individuals of Ashkenazi Jewish descent, the development of a nonsense readthrough strategy is highly demanded.^[@ref35]^ Quite surprisingly, in contrast with the increased number of studies on PTC124's ability to promote readthrough, the biomolecular target of PTC124 still needs to be fully established.^[@ref6],[@ref28],[@ref36]^ Besides the uncertainty regarding PTC124's target, doubts have been raised about the actual nonsense suppression mechanism, given the demonstrated interaction between PTC124 and the firefly luciferase used to test its readthrough efficacy.^[@ref37],[@ref38]^ Due to the demonstrated dual-activity of PTC124, which was selected through a FLuc based assay^[@ref16]^ but has shown also FLuc inhibition properties,^[@ref38]^ orthogonal assays (i.e., assays using a different reporter to confirm the same biological activity)^[@ref39]^ should be rigorously performed to verify its readthrough efficacy. In these cases, where the enzymatic nature of the FLuc reporter might be the cause of misinterpretable results, the use of nonenzymatic fluorescent reporters, such as the green fluorescent protein (GFP), has been recently suggested as ideal orthogonal test for reporter specific effects.^[@ref40]^

In the attempt to shed light on the mechanism of action of PTC124 we decided to perform an orthogonal assay based on different reporters as recently suggested by Thorne et al.^[@ref39]^ Therefore, we developed a reporter plasmid (H2B-GFP-opal), based on the GFP harboring a PTC at Trp58, to be compared with the luciferase reporter gene (pFLuc190^UGA^ by Auld et al.)^[@ref37]^ to confirm the nonsense suppression activity of PTC124.

While computational approaches have been developed to interpret the (16S) RNA-aminoglycoside interactions,^[@ref41]^ the lack of consensus about PTC124's mechanism of action has inhibited the development of any kind of *in silico* study. Therefore, we performed the first computational study to investigate putative codon-specific supramolecular interactions between the PTC124 and an 11 codon long sequence corresponding to the CFTR fragment coding mRNA bearing a G542X nonsense mutation (i.e., UGA at position 542).

Experimental Section {#sec2}
====================

Chemistry {#sec2.1}
---------

IR spectra were registered with a Shimadzu FTIR-8300 instrument. ^1^H NMR spectra were recorded on a Bruker 300 Avance spectrometer, operating at 300 MHz, with TMS as an internal standard. Flash chromatography was performed by using silica gel (Merck, 0.040--0.063 mm) and mixtures of ethyl acetate and petroleum ether (fraction boiling in the range of 40--60 °C) in various ratios. All solvents and reagents were obtained from commercial sources. Compound **1**([@ref42]) and PTC124^[@ref16],[@ref37]^ had physical characteristics identical to those of the compounds prepared by alternative procedures as reported in the literature.

### 3-Cyanomethylbenzoate (**1**) {#sec2.1.1}

3-Cyanobenzoyl chloride (0.983 g, 5.93 mmol) was dissolved in MeOH (200 mL); then TEA was added (1.65 mL, 11.87 mmol) and the reaction was allowed to stir at room temperature for about 30 min. The solvent was removed under vacuum, and the reaction mixture was then diluted with water; the product, filtrated on Büchner, was obtained in 94% yield.

### Methyl-3-(*N*-hydroxycarbamimidoyl)-benzoate (**2**) {#sec2.1.2}

3-Cyanomethylbenzoate (0.996 g, 6.16 mmol) was dissolved in MeOH (150 mL), hydroxylamine chlorohydrate (1.2 g, 17.2 mmol), and potassium *tert*-butoxide (1.9 g, 17.2 mmol) were added, and the reaction was allowed to stir at room temperature overnight. The solvent was removed under vacuum, and the residue was washed with water and filtrated on Büchner. Chromatography of the residue gave product **2** in 73% yield. IR (nujol): 3453, 3360, 3180, 1726 cm^--1^; ^1^H NMR (300 MHz, DMSO-*d*~6~): δ 9.85 (s, 1H), 8.36 (d, 1H; *J* = 0.9 Hz), 8.01 (t, 1H; *J* = 7.5 Hz), 7.59 (t, 1H; *J* = 7.5 Hz), 6.03 (s, 2H), 3.93 (s, 3H).

### Methyl-3-(5-(2-fluorophenyl)-1,2,4-oxadiazol-3-yl)-benzoate (**3**) {#sec2.1.3}

Methyl-3-(*N*-hydroxycarbamimidoyl)-benzoate (0.250 g, 1.29 mmol) was dissolved in acetone (200 mL); K~2~CO~3~ (0.213 g, 1.54 mmol) and 2-fluorobenzoyl chloride (1.54 mmol) were added, and the reaction was allowed to stir at room temperature for 24 h.

The solvent was removed under vacuum; then the mixture was maintained under reflux in water for about 30 min in order to allow the cyclization of the precursor. The product, filtrated on Büchner, was obtained in 80% yield; IR (nujol): 1723 cm^--1^; ^1^H NMR (300 MHz, DMSO-*d*~6~): δ 8.78 (t, 1H, *J* = 1.8 Hz), 8.31 (dt, 1H, *J*~1~ = 7.8 Hz, *J*~2~ = 1.4 Hz), 8.18--8.12 (m, 2H), 7.59--7.52 (m, 2H), 7.32--7.20 (m, 2H), 3.91 (s, 3H).

### 3-(5-(2-Fluorophenyl)-1,2,4-oxadiazol-3-yl)-benzoic Acid (PTC124) {#sec2.1.4}

Methyl 3-(5-(2-fluorophenyl)-1,2,4-oxadiazol-3-yl)-benzoate **3** (0.34 mmol) was dissolved in benzene (40 mL); BBr~3~ (4 mL, 13.7 mmol) was added, and the solution was allowed to stir at 80 °C for 4h. After removal of the solvent under vacuum, the residue was treated with water and extracted with ethyl acetate. Chromatography of the residue gave PTC124 in 73% yield.

Biology {#sec2.2}
-------

### Site Directed Mutagenesis and Clone Screening {#sec2.2.1}

Mutagenesis of the H2B-GFP^[@ref43]^ vector to change the tryptophan codon (TGG) at position 172-4 of the GFP coding sequence to the TGA stop codon (opal) was performed with the QuickChange kit, Statagene, CA, USA. This approach required a high fidelity DNA polymerase which replicates both strand of the plasmid vector by extending two primers, both containing the desired mutation, each complementary to the same region but to opposite strands of the template. We used the high fidelity *Pfu-Turbo* DNA polymerase, 50 ng of plasmid template, and the following oligonucleotides:^[@ref44]^

GFP opal fw 5′-GCTGCCCGTGCCC[TGA]{.ul}CCCACCCTCGTGACC-3′

GFP opal rev 5′-GGTCACGAGGGTGGG[TCA]{.ul}GGGCACGGGCAGC-3′

In each PCR cycle annealing and extension temperatures were, respectively, 58 °C for 1 min and 68 °C for 7 min. Following 12 cycles of amplification, the product was treated with *Dpn*I restriction enzyme. The *Dpn*I endonuclease (target sequence: 5′-Gm6ATC-3′) is specific for methylated and hemimethylated DNA and is used to digest the methylated parental DNA template (isolated from a dam+ *E. coli* strain) and to select for mutation-containing synthesized DNA. The resulting mutated plasmids were transformed into XL1-Blue supercompetent cells that were plated on LB agar plates with ampicillin. For the "Colony PCR" we used two primers internal to the H2B-GFP gene: GFP fw 5′-GTAAACGGCCACAAGTT-3′, and GFP 3′-rev 5′-CTTGTACAGCTCGTCCATG-3′. The PCR mix, containing the primers, the DNA polymerase, and the dNTPs, was added directly to the tubes containing a small amount of heat denatured bacteria picked from each colony and, after 30 cycles, 5 μL of PCR product were run on 1% agarose gel. DNA bands were revealed by ethidium bromide staining and UV exposition. Plasmid DNA was purified with NucleoSpin Plasmid miniprep kit (Macherey-Nagel) according to manufacturer instructions. For "selective PCR" we used forward primers with differing 3′ termini matching either the wild-type or the mutant nucleotide in order to allow selective amplification of the corresponding wild-type or mutant target DNA.^[@ref45]^ To the reaction we added a thermostable DNA polymerase lacking 3′ to 5′ proofreading activity (DyNAzyme II DNA Polymerase), purified plasmid DNA as template, and the primers GFP 3′G wt 5′-CTGCCCGTGCCCTG[G]{.ul}-3′ and GFP 3′A opal 5′-GCTGCCCGTGCCCTG[A]{.ul}-3′. Reverse primer was the same in all samples (GFP 3′rev). Wild-type H2B-GFP gene was also amplified as a control. After 20 cycles (annealing temperature was 57 °C for 30 s), 5 μL of PCR product were run on 1% agarose gel and DNA bands visualized on a UV transilluminator. Pictures of the gels were taken with a digital camera (Canon). Plasmid DNA from positive clones was purified, and 1 μg was sent to Eurofins MWG Operon for sequencing.

### Cell Transfection and Measurement of Luciferase and GFP Activity {#sec2.2.2}

HeLa cells were plated in a 12 multiwell plate, at a density of 1 × 10^5^/mL in a volume of 1 mL per well, and transfected with wild type (pFLuc) and mutant (pFLuc190^UGA^) plasmids by using lipofectamine 2000 (Invitrogen). Cells were then incubated for 24 h before the addition of 12 μM PTC124. After 24 h of treatment, the cells were washed with PBS and incubated with the detection mix Steady-Glo luciferase reagent (Promega). Aliquots of 200 μL of cell suspension were plated in triplicate in a 96 well. Luciferase activity was measured by a luminometer (Promega). Stably transfected (H2B-GFP wt and H2B-GFP-opal) HeLa cells were selected by antibiotic (blasticidin) resistance and characterized by PCR to verify the integrity of the reporter gene. Expression of the fusion protein in live cells after treatment with PTC124 (72 h) was monitored by fluorescence microscopy (ZEISS). All of the examined cells underwent identical treatment with the exception of drug concentration. Different brightness in microscopic images has to be attributed to the confluence of the cells.

### Genomic DNA Purification and Reporter Gene Control {#sec2.2.3}

PureLink Genomic DNA Kit (Invitrogen) was used to isolate genomic DNA from the selected clones of HeLa H2B-GFP-opal. 3 × 10^6^ cells were lysed, and the DNA was rapidly purified using a spin column based centrifugation procedure. To verify the integrity of the H2B-GFP reporter gene, 130 ng of genomic DNA were used as template for a PCR reaction. We used the EF1α forward primer: 5′-TCAAGCCTCAGACAGTGGTTC annealing to the gene promoter region, and the GFP 3′-rev primer annealing to the 3′ end of the gene. After 35 cycles of amplification 5 μL of PCR product was run on 1% agarose gel.

### Immunofluorescence Microscopy {#sec2.2.4}

To visualize EGFP expression cells were grown on rounded glass coverslips and fixed with methanol 100% for 2 min, permeabilized with 0.01% TritonX (Sigma-Aldrich) in PBS for 15 min and blocked with 0.1% BSA for 30 min, both at room temperature. Coverslips were incubated overnight at 4 °C with a mouse monoclonal antibody against GFP (Sigma-Aldrich, diluted 5 μg/mL) derived from mice immunized with a synthetic peptide corresponding to amino acids 132--144 of the GFP from jellyfish *Aequorea victoria*, followed by a goat antimouse IgG-FITC secondary antibody (Sigma-Aldrich, diluted 1:200) for 1 h at 37 °C. Nuclei were visualized with 1 μg/mL of 4′,6-diamidino-2-phenylindole (DAPI) and examined on a Zeiss Axioskop microscope equipped for fluorescence, images were captured with a CCD digital camera (AxioCam, Zeiss) and then transferred to Adobe PhotoShop for printing.

Cytofluorimetry {#sec2.3}
---------------

Asynchronously growing cells were treated with PTC124 and G418 for 24 h. DNA content was determined using propidium iodide (PI) staining by treating cells with PBS solution containing 4 μg/mL of PI and 40 μg/mL RNase. Samples were analyzed on a FACSCanto (Becton Dickinson). Experiments were repeated at least twice; 10 000 events were analyzed by FACSDiva software (see Supporting Information).

### Western Blotting {#sec2.3.1}

Protein concentration was measured using the Bio-Rad Protein Assay (Bio-Rad Laboratories) Proteins (50 μg) were separated by 10% SDS-PAGE containing 0.1% SDS and transferred to Hybond-C nitrocellulose membranes (Amersham Life Science) by electroblotting as described previously.^[@ref46]^ The membrane was incubated with anti-GFP mouse (Sigma-Aldrich, 2 μg/mL), as primary antibodies (Santa Cruz), and HRP-conjugated mouse rabbit IgG (Abcam, 1:5000), as secondary antibodies. The target protein was detected with enhanced chemiluminescence Western blotting detection reagents (PIERCE). Membrane was stained with Ponceau-Red to confirm equivalent loading of total protein in all lanes. We used also β-actin antibody (mouse; Sigma-Aldrich 1:10 000) to confirm proteins loading. Protein bands were analyzed by ImageJ Software. Experiments were run in triplicate. Figure [5](#fig5){ref-type="fig"}B shows a representative WB experiment. The Figure [5](#fig5){ref-type="fig"}C graph reports the average value of the WB bands quantitation, and error bars were calculated as the standard deviation method.

Computational Details {#sec2.4}
---------------------

The following four sequences of CFTR mRNA, each consisting of 33 ribonucleotides expressing aminoacids 537 through 547, either wild type or harboring a premature stop codon at position 542:

CFTR wt 5′-GACAAUAUAGUUCUU[GGA]{.ul}GAAGGUGGAAUCACA-3′,

CFTR-UGA 5′-GACAAUAUAGUUCUU[UGA]{.ul}GAAGGUGGAAUCACA-3′,

CFTR-UAG 5′-GACAAUAUAGUUCUU[UAG]{.ul}GAAGGUGGAAUCACA-3′,

CFTR-UAA 5′-GACAAUAUAGUUCUU[UAA]{.ul}GAAGGUGGAAUCACA-3′,

were constructed in the A conformation using the NUCLEIC routine of the TINKER program package^[@ref47]^ as recently described.^[@ref48],[@ref49]^ By considering the single nucleotides in the 33-nucleotides long fragment, the varying codon involves positions 16, 17, and 18. The topology file of the PTC124 molecule was generated using ACPYPE.^[@ref50]−[@ref52]^ Molecular dynamics (MD) simulations were performed with the GROMACS 4.5.3 suite^[@ref53],[@ref54]^ using the AMBER ff99SB force field^[@ref55]^ with parmBsc0 nucleic acid torsions.^[@ref56]^

Five MD simulations, each lasting 100 ns, were conducted to assess the supramolecular interactions between the four mRNA fragments described above and PTC124. The starting position of PTC124 ligand was varied by using the Maestro software.^[@ref57]^

A triclinic box was added around the RNA and the ligand to a depth 1.5 nm on each side of the solute; this large value was necessary because of the large flexibility of the oligonucleotides. This box was filled with TIP3P water molecules, a solution density of about 1.03 g/mL was obtained. Thirty-two Na^+^ counterions were added to neutralize the negative charges of the RNA backbone; other Na^+^ and Cl^--^ ions were added to achieve a solution ionic strength of about 0.15 M. Standard AMBER parameters were used for sodium (σ = 0.33284 nm; ε = 0.01159 kJ/mol) and chlorine (σ = 0.44010 nm; ε = 0.41840 kJ/mol). Simulations were performed in the canonical NVT ensemble, at the temperature of 300 K, using a velocity rescaling thermostat.^[@ref58]^ The particle mesh Ewald method (PME)^[@ref59]^ was used to describe the long-range electrostatics interactions. The time step was set to 2 fs, and all covalent bonds were constrained with the LINCS algorithm. Energy minimization was run for 5000 steps using the steepest descend algorithm. In a 500 ps equilibration the oligonucleotides were harmonically restrained with a force constant of 1000 kJ mol^--1^ nm^--2^ at 300 K, which was gradually lowered until no restrains were applied. Moreover, the formation of hydrogen bonds was analyzed using the g_hbond GROMACS tool.

Results {#sec3}
=======

Synthesis of PTC124 {#sec3.1}
-------------------

Our synthetic approach toward PTC124 is different from previously reported methods^[@ref16]^ and was carried out, following the classical amidoxime route^[@ref17],[@ref60]^ for the synthesis of variously substituted 1,2,4-oxadiazole derivatives.^[@ref61]−[@ref68]^

The synthetic strategy involves the synthesis of the methyl ester of 3-cyanobenzoic acid **1** as the initial step. The reaction, performed in methanol at room temperature with triethylamine (TEA), allowed to obtain the methyl ester in very good yields (94%) (Scheme [1](#sch1){ref-type="scheme"}). Compound **1** was then reacted with hydroxylamine to obtain the methyl 3-(*N*-hydroxycarbamimidoyl)-benzoate **2** (73%). The cyclization into the oxadiazole ring has been performed in a one-pot procedure by reacting methyl 3-(*N*-hydroxycarbamimidoyl)-benzoate **2** in acetone with 2-fluorobenzoyl chloride in the presence of potassium carbonate. After 24 h at room temperature, the solvent was removed, and the residue refluxed in water, thus allowing final cyclization into oxadiazole derivative **3** (80%). Oxadiazole **3** was finally hydrolyzed in benzene with boron tribromide, producing PTC124 in good yield (73%) (Scheme [1](#sch1){ref-type="scheme"}).

![Synthesis of PTC124](mp-2013-00230s_0013){#sch1}

Construction of the Reporter Plasmid Harboring the Opal (TGA) Premature Termination Codon and Cell Transfection {#sec3.2}
---------------------------------------------------------------------------------------------------------------

To assess the *in vitro* ability of PTC124 to promote nonsense mutation suppression, we isolated human cell lines stably expressing the H2B-GFP chimeric gene, either wild-type (control) or mutated by the presence of a TGA premature stop codon.^[@ref44]^ The used vector was the H2B-GFP plasmid harboring a reporter gene encoding for the codon-optimized enhanced GFP protein that localizes in the nucleosome thanks to its fusion to the human histone H2B.^[@ref43],[@ref69]^ To generate the H2B-GFP-opal plasmid, where a wild-type codon is transformed in a nonsense codon, a single nucleotide substitution was introduced in the GFP coding sequence by site-directed mutagenesis as described in the [Experimental Section](#sec2){ref-type="other"}.^[@ref44]^ We confirmed plasmid presence in all of the obtained bacterial clones by "Colony PCR" (Figure [1](#fig1){ref-type="fig"}A). A DNA fragment of the correct size was amplified from all samples (Figure [1](#fig1){ref-type="fig"}B). Subsequently, HeLa cells were transfected with the H2B-GFP wild-type (control) and the H2B-GFP-opal (mutated) plasmids. HeLa cells transfected with the control vector showed high numbers of fluorescent cells, while those transfected with the mutated vector did not show any fluorescence (Figure [1](#fig1){ref-type="fig"}C).

![(A) "Colony PCR" with primers internal to the GFP gene on 10 bacterial clones (1--10). The arrow points the expected 650 bp amplicon. M: 2 log ladder. (B) "Selective PCR" with wt and opal mutant primers on purified plasmids from four randomly selected colonies (1--4) and on wt DNA (H2B-GFP plasmid). The arrow points the expected 560 bp amplicon. M: 2 log ladder. (C) Lack of fluorescence in H2B-GFP-opal transfected cell population.](mp-2013-00230s_0002){#fig1}

To minimize the possibility that lack of fluorescence in H2B-GFP-opal transfected cells might be due to plasmid rearrangement during the integration into the cellular DNA, transfected cells were cultured in presence of blasticidin, to select cells stably expressing H2B-GFP-opal. Following two weeks of selection, 20 cell clones were isolated and analyzed by polymerase chain reaction (PCR). Integrity of the reporter gene in the genomic DNA from these randomly selected clones was verified by PCR with primers annealing to the gene promoter and to the 3′ end of the gene (Figure [2](#fig2){ref-type="fig"}). We also amplified the H2B-GFP gene from the wild type plasmid (C+) and wild type and opal cell population (P/wt and P/opal) as positive controls. Negative control (C−) was the amplification mix. As expected, this analysis revealed that both populations presented cell clones with a 1.2 kb whole H2B-GFP gene, but only clones \# 3, 5, 6, 7, and 12 were positive among those tested (Figure [2](#fig2){ref-type="fig"}).

![PCR analysis on genomic DNA extracted from randomly selected cell clones (2--6 and 7--15) with primers immediately adjacent to the H2B-GFP chimeric gene. Arrows point the expected amplicon of 1.2 kb. M: 2 log ladder. C+: H2B-GFP plasmid. C-: PCR mix. P/opal: H2B-GFP-opal cell population. P/wt: H2B-GFP wild type cell population.](mp-2013-00230s_0003){#fig2}

PTC124 Treatments of Transfected Cells {#sec3.3}
--------------------------------------

To ascertain that the synthesized PTC124 molecule was able to promote the readthrough of PTCs we used the FLuc cell-based assay^[@ref16]^ as a control. To this aim we transfected HeLa cells transiently with two specific plasmids: pFLuc-WT and pFLuc190^UGA^ (courtesy of Professor J. Inglese)^[@ref37]^ and measured FLuc gene expression by luminescence. HeLa cells transfected with the pFLuc-WT plasmid showed high levels of luciferase activity (data not shown) confirming the correct functioning of the assay. After 24 h from transfection the pFLuc190^UGA^ transfected cells were treated for additional 24 h with 12 μM PTC124. Following PTC124 exposition pFLuc190^UGA^ transfected HeLa cells showed an increase of luciferase activity (Figure [3](#fig3){ref-type="fig"}), this result is consistent with what previously published.^[@ref16]^

![Histogram showing luciferase activity in HeLa FLuc-opal cells after exposition to PTC124 for 24 h.](mp-2013-00230s_0004){#fig3}

To evaluate if PTC124 was able to promote the readthrough of premature stop codons also in HeLa cells stably transfected with the H2B-GFP-opal reporter vector, we performed a cytofluorimetric assay using known G418 as a reference readthrough promoting drug (see also [Supporting Information](#notes-1){ref-type="notes"}). However, while wild type H2B-GFP was clearly detectable even with a small amount (5%) of fully fluorescent cells, fluorescence was not detectable in the case of H2B-GFP-opal treated with either G418 or PTC124, likely due to a small amount of protein resulting from the readthrough in each cell. Nevertheless, we were able to monitor the expression of the H2B-GFP fusion protein on a cell base by fluorescence microscopy on live cells. In fact, the presence of green fluorescence in cells would confirm the occurrence of a readthrough leading to a functional GFP. After exposition of HeLa cells to 6 μM, 9 μM, and 12 μM PTC124 we observed the presence of green cells (Figure [4](#fig4){ref-type="fig"}) indicating that PTC124 induced the production of a full length functional H2B-GFP protein, despite the presence of a premature stop codon in its coding sequence, as evidenced by the clearly dose-dependent increase in the number of green cells.

![Expression levels of the H2B-GFP protein in H2B-GFP-opal transfected HeLa cells after 72 h of exposition to 6, 9, and 12 μM PTC124.](mp-2013-00230s_0005){#fig4}

Live cells experiment suggested the dose dependency of the readthrough. However the amount of readthrough was not sufficient to reach full response from GFP fluorescence and obtain quantitative data. Therefore, to confirm this result we extended the investigation to the study of the recoding effects of PTC124 treatment by Western blotting and immunofluorescence analyses detecting H2B-GFP expression levels in HeLa cells stably transfected with the H2B-GFP-opal construct. As a positive control, H2B-GFP-opal cells were treated for 24 h with several concentrations of the aminoglycoside G418 (Figure [5](#fig5){ref-type="fig"}A) that was previously shown to be able to recode stop codons.^[@ref70]^ Immunofluorescence microscopy done in H2B-GFP-opal transfected HeLa cells revealed the presence of positive cells for the H2B-GFP protein induced by G418 as well as by PTC124 (Figure [5](#fig5){ref-type="fig"}A). The presence of green signals (GFP) in the cytoplasm of the cells treated with either G418 or PTC124 is indicative that translation of a "recoded" mRNA occurred. Because of the inherently difficulty of nonsense suppression, it is possible that the readthrough by a near cognate tRNA will result in a full-length protein not necessarily possessing the complete features of the wild-type fusion protein. To evaluate the suppression of the UGA stop codon and the presence of a full length H2B-GFP fusion protein, the cells were incubated with a mouse monoclonal antibody targeting aa132--144 of GFP. These aminoacids are downstream of the UGA premature termination codon replacing the codon for the amino acid tryptophan at position 58 of GFP protein. These immunofluorescence experiments confirmed that the readthrough of the PTC leads to a functional protein since green fluorescence is mainly observed into the nucleus. Next, the amount of H2B-GFP protein resulting from PTC124 treatment was measured by Western blot analysis (Figure [5](#fig5){ref-type="fig"}B,C). The H2B-GFP-opal population was treated with 300 μg/mL of G418 and with 12 μM PTC124 for 24 h. Western blotting experiments indicated that the treatment with PTC124 induced the recovery of H2B-GFP protein (3- to 5-fold increase) in H2B-GFP-opal transfected HeLa cells. This increase was comparable to that obtained in cells treated with G418.

![(A) Immunofluorescence analysis of the H2B-GFP protein in H2B-GFP-opal transfected HeLa cells after 24 h exposition to G418 and PTC124. (B) Western blot analysis showing H2B-GFP protein levels in HeLa cells expressing H2B-GFP wt (lane 1), and HeLa cells expressing H2B-GFP-opal left untreated (lane 2) or treated for 24 h with either G418 (lane 3) or PTC124 (lane 4). β-actin was used as a loading control. (C) Densitometry analysis of the Western blot bands in B shows H2B-GFP relative protein levels in transfected HeLa cells: (1) H2B-GFP wt; (2) H2B-GFP-opal (untreated); (3) H2B-GFP-opal treated with G418 (24 h); (4) H2B-GFP-opal treated with PTC124 (24 h).](mp-2013-00230s_0006){#fig5}

Molecular Dynamics Simulations {#sec3.4}
------------------------------

Since PTC124 affects the translational machinery, with a specific preference toward premature stop codons, we hypothesized mRNA as its plausible target. Unfortunately, the scarce water solubility of PTC124 rendered impracticable any experimental approach to verify such interaction by standard spectroscopic methods. Therefore, the possible interactions between PTC124 and mRNA were simulated by MD. Five MD simulations of 100 ns were conducted on the complex between the 1,2,4-oxadiazole ligand (PTC124), and four models of mRNA constituted by a sequence of 33 ribonucleotides of the CFTR gene, that differ in the identity of the central codon normally expressing aminoacid 542: (i) GGA, as found in the wild type mRNA; (ii) UGA, mimicking the G542X nonsense mutation; (iii) UAG, and (iv) UAA, representing the other two types of premature stop codons.

Considering the higher efficacy of PTC124 in promoting the readthrough of the premature UGA codon,^[@ref16]^ two MD simulations with PTC124 and CFTR-UGA were performed by positioning the ligand either "near" the center of the mRNA fragment (i.e., closer to the UGA codon) or "far" from the stop codon (i.e., near the 5′ end of the mRNA fragment). On the other hand, MD simulations involving PTC124 and either CFTR wt fragment, CFTR-UAG, or CFTR-UAA, started with the ligand already positioned near the center of the box and close to the 16-17-18 nucleotides in the mRNA fragment (see [Computational Details](#sec2.4){ref-type="other"}).

The minimum distance between the PTC124 ligand and the 16--17--18 nucleotides (central codon) of the four mRNA fragments is plotted as a function of time in Figure [6](#fig6){ref-type="fig"}. UGA1 and UGA2 refer to the two different MD simulations involving the CFTR-UGA mRNA fragment and PTC124 starting from the "near" and "far" initial position, respectively. Snapshots of the equilibrium arrangements are shown for all simulations in Figures [7](#fig7){ref-type="fig"}--[11](#fig11){ref-type="fig"}.

![Variation of the minimum distance between PTC124 and the central (16-17-18) codon of the mRNA fragment during each 100 ns MD simulation.](mp-2013-00230s_0007){#fig6}

These data clearly show that the two simulations involving the U16-G17-A18 codon lead to the shortest interaction distance at the equilibrium. The latter was reached much earlier (at about 20 ns) for the trajectory starting near the codon (UGA1, black line in Figure [6](#fig6){ref-type="fig"}) and later (at about 70 ns) for the trajectory starting at the 5′ terminus of the mRNA fragment (UGA2, red line in Figure [6](#fig6){ref-type="fig"}). Surprisingly, despite the different final arrangement (see Figures [7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"} below), the minimum distance reached at the equilibrium was essentially the same of about 2 Å. Similarly to UGA1 simulation, in the simulated interaction with the wild type mRNA fragment (GGA, blue line in Figure [6](#fig6){ref-type="fig"}), PTC124 was initially placed near the GGA central codon. However, in this case, after initial fluctuations with distances up to 50 Å from the central codon, the ligand never approached the central codon and reached its equilibrium at about 90 ns with a minimum distance of about 6.5 Å. Remarkably, simulations involving the other two types of stop codons (UAG and UAA, green and magenta lines, respectively, in Figure [6](#fig6){ref-type="fig"}) resulted in a higher equilibrium distance, even though PTC124 approached the central stop codon sporadically at about 5 ns (for both UAG and UAA) and 15 and 60 ns (for UAG). These findings seems to agree with the reported lower readthrough activity of PTC124 toward UAG and UAA premature stop codons.^[@ref16],[@ref28]^

In our computational study of the interaction between PTC124 and the RNA model we have performed several MD simulations and focused our attention on the structures that more frequently occurred along the simulation. The driving forces toward the final equilibrium arrangement are based on stacking, H-bonding, and hydrophobic van der Waals interactions involving PTC124 and the nucleotides in the mRNA fragment. Simulation snapshots showing each type of these stabilizing interactions are illustrated in Figures [7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}. In particular, the equilibrium arrangement of the PTC124/mRNA complex from UGA1 simulation shows a stable van der Waals interaction between the PTC124 and the UGA codon, further stabilized by stacking π--π interactions involving the aryl moieties of PTC124 with either G10 (Figure [7](#fig7){ref-type="fig"}a) or both U12 and G10 (Figure [7](#fig7){ref-type="fig"}b).

![Two different snapshots at the equilibrium of the same UGA1MD simulation of interactions between PTC124 and a 33 nucleotide long CFTR-UGA mRNA fragment (water molecules not shown). Nucleotide numbering refers to the fragment (see computational details in the [Experimental Section](#sec2){ref-type="other"}).](mp-2013-00230s_0008){#fig7}

H-bond interactions are more evident in the case of UGA2 simulation (starting far from the central codon) leading to a final arrangement where the carboxylic moiety of PTC124 strongly interacts with the adenine A18 (Figure [8](#fig8){ref-type="fig"}a). The number of H-bonds with a particular sequence, in particular with the UGA sequence, has been chosen to visualize the more frequently occurring interactions in the series of MD snapshots. A comparison between the total number of H-bond interactions, involving PTC124 with any part of the mRNA fragment during the entire 100 ns time frame (Figure [8](#fig8){ref-type="fig"}b), with the number of H-bond interactions specifically involving the central UGA codon (Figure [8](#fig8){ref-type="fig"}c) clearly supports the specificity of the interaction between PTC124 and UGA. For the first 70--75 ns, PTC124 occasionally interacts with the RNA fragment through one H-bond (rarely two) without involving the UGA codon. Interestingly, when PTC124 approaches the UGA codon after approximately 70--75 ns (see Figure [6](#fig6){ref-type="fig"}, red line), interactions specifically involving the UGA codon become stably present through one, and occasionally two, H-bonds.

![(a) Snapshot at the equilibrium of the UGA2MD simulation of interactions between PTC124 and a 33 nucleotide long CFTR-UGA mRNA fragment (water molecules not shown). Nucleotide numbering refers to the fragment (see computational details in the [Experimental Section](#sec2){ref-type="other"}). (b) Number of H-bond interactions between PTC124 and any portion of the mRNA fragment during the 100 ns simulation. (c) Number of H-bond interactions between PTC124 and UGA in the mRNA fragment during the 100 ns simulation.](mp-2013-00230s_0009){#fig8}

In the absence of an UGA codon, stacking interactions seem to prevail in driving the formation of the PTC124/mRNA complex. Interestingly, adenine was never involved in these stacking interactions. Particularly stable sandwich-like substructures were formed with PTC124 intercalated between a guanine and a uracil (Figures [9](#fig9){ref-type="fig"} and [10](#fig10){ref-type="fig"}b) or two guanines (Figure [10](#fig10){ref-type="fig"}a). However, due to the flexibility of the terminal endings of the 33 nucleotide long mRNA fragment, some caveat must be considered when interpreting the stacking interactions involving guanine at the terminal G1 or G33 position. These are found in simulations involving the wild type CFTR (Figure [9](#fig9){ref-type="fig"}) and the CFTR-UAG (Figure [10](#fig10){ref-type="fig"}a).

![Snapshot at the equilibrium of GGA MD simulation of interactions between PTC124 and a 33-nucleotides long CFTR wild type mRNA fragment. Nucleotide numbering refers to the fragment (see computational details in the [Experimental Section](#sec2){ref-type="other"}).](mp-2013-00230s_0010){#fig9}

![Two different snapshots at the equilibrium of the UAG MD simulation of interactions between PTC124 and a 33 nucleotide long CFTR-UAG mRNA fragment (water molecules not shown). Nucleotide numbering refers to the fragment (see computational details in the [Experimental Section](#sec2){ref-type="other"}).](mp-2013-00230s_0011){#fig10}

Finally, an MD simulation involving the CFTR-UAA mRNA fragment did not reach an equilibrium within the allotted 100 ns time frame. Indeed, after maintaining for more than 40 ns a position at about 10 Å distance from the UAA triplet (Figure [11](#fig11){ref-type="fig"}a), PTC124 moves even farther from the central codon (Figure [11](#fig11){ref-type="fig"}b) than observed in the other simulations.

![Two different snapshots of the UAA MD simulation showing no interaction between PTC124 and a 33 nucleotide long CFTR-UAA mRNA fragment (water molecules not shown). Nucleotide numbering refers to the fragment (see computational details in the [Experimental Section](#sec2){ref-type="other"}). (a) Snapshot at 40 ns. (b) Snapshot at 100 ns.](mp-2013-00230s_0012){#fig11}

Discussion {#sec4}
==========

PTC124 (Ataluren) is a small molecule that has been suggested to allow PTC readthrough in the mRNA of different genetic disorders and in a manner similar to that of gentamicin but without the toxicity of an aminoglycoside.^[@ref16],[@ref25]^ However, it was also reported that PTC124's activity observed by *in vitro* experiments could be attributed to posttranslational stabilization of the luciferase itself, used as a reporter, and not to a true readthrough mechanism.^[@ref37]^ Indeed our orthogonal cell based assays, aimed to understand PTC124's mechanism of action by using a different reporter than the FLuc190^UGA^ plasmid previously used,^[@ref16],[@ref25]^ indicated that PTC124 was able to induce, in a dose-dependent manner, a significant recovery of GFP's fluorescence in cells transfected with the mutated reporter (H2B-GFP-opal). In addition, Western blotting experiments showed that the amount of H2B-GFP protein was similar following G418 and PTC124 treatment in cells transfected with the mutated reporter. This last finding reinforces the hypothesis that readthrough and not stabilization of the protein encoded by the reporter (H2B-GFP-opal) is the mechanism responsible for the recoding of the internal TGA premature stop codon.

The computational identification of the unknown biological target of a given compound is one of the "Sorcerer's Stone" of the pharmaceutical designer aiming at understanding the mechanism of action of a drug. In our MD simulations, which were based on the experimental evidence that PTC124 is able to affect the ribosomal translational machinery, we aimed at verifying if putative supramolecular interactions between mRNA and PTC124 could be the cause of the selective action of PTC124 to promote the readthrough particularly of UGA premature termination codons. Indeed, MD results showed that stable mRNA-PTC124 complexes can be formed specifically through the interaction with the UGA sequence (Figure [6](#fig6){ref-type="fig"}). On the other hand, MD simulations clearly show that the proximity of PTC124 to the UAG and UAA premature stop codon occurs occasionally and at a longer distance with respect to the closer and more stable UGA interactions. In our opinion, the molecular recognition by PTC124 of a premature UGA should be aided by the presence of neighboring nucleobases.

In one complex (Figure [7](#fig7){ref-type="fig"}) PTC124 completely masks the UGA codon through stable van der Waals and π--π stacking interactions. If this interaction happens also in the ribosome, it might hinder the UGA recognition by the release factor.^[@ref71]^ In fact, the dimensions of PTC124, in its stable flat conformation, almost match the entire U16-G17-A18 distance (Figure [7](#fig7){ref-type="fig"}) justifying also why PTC124 is not able to promote the readthrough of multiple sequential stop codons.^[@ref28]^

The recognition of the UGA codon by the corresponding release factor would be encumbered also in the case of the other complex observed *in silico* between PTC124 and the CFTR-UGA mRNA fragment, where H-bonding involves the adenin of the stop codon (Figure [8](#fig8){ref-type="fig"}). Additionally, given the very short distance (2 Å) between PTC124 and UGA, and the quasi-planar masking position that PTC124 assumes in one of these complexes (Figure [7](#fig7){ref-type="fig"}), it is not excluded that a near-cognate tRNA, whose anticodon region is able to "recognize" PTC124, can still approach the ribosome in correspondence of the UGA triplet and perform its recoding leading to a functional full length protein.

At this stage, we cannot exclude that PTC124 would be able to interact also with an out-of-frame UGA in free mRNA aqueous solution. However, during the translation, any out-of-frame UGA in a mRNA molecule would be only partially positioned on the A site, thus making the binding with PTC124 ineffective and allowing a correct translation of the mRNA. Additionally, we cannot exclude that, similarly to aminoglycosides,^[@ref28]^ PTC124 is able to interact *in vivo* with specific nucleotides of the 18SrRNA in the ribosome, thus allowing the readthrough of the premature termination codon by a near-cognate tRNA.

Conclusions {#sec5}
===========

PTC124 (Ataluren) is one of the lead compounds in pharmacological approaches proposed to directly overcome nonsense mutations that are responsible of several genetic diseases such as cystic fibrosis and Duchenne muscular distrophy. Our work focused on PTC124 as a functional model for the interaction with a ribonucleotide sequence corresponding to a mRNA fragments of the CFTR gene, containing the UGA nonsense mutation, present in a subset of CF patient with the main objective to understand its mechanism of action. PTC124's readthrough activity was evaluated by using orthogonal assays with two different reporters: H2B-GFP-opal, based on the green fluorescent protein harboring a PTC at Trp58, and the luciferase reporter gene Luc190. Results support the hypothesis that PTC124 is able to promote the readthrough of the internal TGA premature stop codon, rather than simply stabilize proteins structures. Although the individuation of the actual PTC124's biological target is still a challenging goal, the possibility to simulate drug-target interactions at the molecular level in conjunction with experimental biology assays is a very promising synergic approach toward the definition of PTC124's mechanism of action. Additionally, a computational approach has been used for the first time to study mRNA as a putative target for PTC124 and to propose a reasonable interpretation of PTC124's specificity/selectivity toward a given UGA codon. Even if MD results represent a simplified model of the mRNA/PTC124 interactions in aqueous media, our data would be a useful starting point for computational studies of PTC124's behavior in much more complex systems such as the actual mRNP in the midst of a ribosome. Indeed, in a very recent paper debating the lack of PTC124 efficacy with a given set of reporter assays, mRNA regulatory processes has been mentioned as potentially involved in the mechanism through which PTC124 exerts its readthrough activity.^[@ref72]^ Prospectively, the interpretation at the molecular level of the interactions between PTC124 and its biological target will allow the design and synthesis of new molecules, structurally related to PTC124 and based on its mechanism of action, to promote a better readthrough of the other two premature stop codons, UAG and UAA, for which PTC124 showed a lower activity.

Description of cytofluorimetric experiments. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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